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PREFACE 


This  paper  was  originally  presented  at  the  Seventh  AXP  Tripartite 
Conference,  U.  S.  Naval  Ordnance  Lahoratory,  White  Oak,  Maryland  in  April, 
1956.  Subseq^uently,  D,  J.  Hinz  of  the  Ballistic  Research  Laboratories  has 
obtained  additional  data  which  appear  to  corroborate  statements  made  in 
the  paper.  A  brief  discussion  of  his  results  is  included  as  an  Addendum. 
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BALLISTIC  RESEARCH  LABORATORIES 

MEMORANDUM  REPORT  NO,  IOI9 


BFArmendt / JSperraz  za/plg 
Aberdeen  Proving  Ground,  Md, 
July  1956 


AIR  BLAST  MEASUREMENTS  AROUND  MOVING  EXPLOSIVE  CHARGES,  PART  III  (u) 

ABSTRACT 

Air  blast  measurements  have  been  made  around  5/8  pound  bare  spherical 
charges  detonated  while  moving  at  supersonic  velocity.  Experimental  pealc 
pressure  data  are  presented  and  are  compared  to  a  theory  based  on  the  law 
of  conservation  of  momentum.  Agreement  between  the  theory  and  experiment 
appears  to  be  satisfactory.  The  conclusion,  based  on  this  theory,  is  that 
the  velocity  effect  will  probably  be  of  more  significance  for-  relatively 
small  charge  wei^ts,  and/or  at  high  altitudes. 
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INTRODUCTION 


Since  most  warheads  containing  high  explosive  are  in  motion  at  the 
Instant  of  detonation,  it  is  of  interest  to  study  the  effect  of  this  motion 
on  the  air  blast  produced  by  the  weapon.  This  "velocity  effect"  was  first 
noticed  during  aircraft  vulnerability  firings  in  the  United  States  and  Great 
Britain,  and  also  during  Swiss  firing  trials  (l)  of  2Qmm  Oerlikon  aimaunition 
against  box  structures.  It  appeared  that  the  detonating  shells  caused  an 
Increased  amount  of  damage  in  the  direction  of  motion,  and  a  decreased 
amount:  in  the  opposite  direction.  Various  explanations  of  the  velocity 
effect  have,  been  advanced  (2,5,^)  but  evaluation  of  these  theories  required 
quantitative  data.  Therefore,  in  1952  experiments  were  begun  at  the 
Ballistic  Research  Laboratories  for  the  purpose  of  providing  these  data. 

It  was  felt  that  the  data  could  be  obtained  directly  by 

1.  projecting  an  explosive  at  a  desired  terminal  velocity, 

2.  detonating  the  explosive  at  a  desired  position  in  space,  and 

5.  measuring  the  blast  around  the  detonation. 

Early  work  was  performed  by  Patterson  and  Wenig  (5),  who,  after  great  diffi¬ 
culty,  succeeded  in  projecting  a  bare  sphere  of  explosive  at  sx^ersonlc 
velocity  and  detonating  it  in  flight,  thus  forming  the  basic  experimental 
procedure  which  has  since  been  used  in  all  moving  charge  e:!q)eriments  at  the 
Ballistic  Research  Laboratories.  Unfortunately,  the  air  blast  data  Obtained 
at  that  time  was  only  qualitative,  because  of  the  state  of  development  of  the 
instrumentation.  The  experiments  were  continued  in  195^  by  Armendt  (6)  with 
only  minor  modifications;  in  procedure,  and  resulted  in  the  collection  of 
somewhat  better  data,  but  still  insufficient  to  establish  any  rigorous  theory. 
Further  experiments  have  been  conducted  and  have  led  to  the  establishment  of 
a  theory  by  which  the  behavior  of  the  shock  wave  produced  by  the  detonation 
of  a  moving  charge  may  be  explained  in  part. 
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EXPERIMENTAL  PROCEDURE 


Projection  of  the  Charge 

The  first  step  in  the  consti^ction  of  the  moving  charge  experiments 
was  to  choose  the  type  and  size  of  charge  and  to  find  some  means  of  projecting 
it  at  high  velocity.  Since  even  a  li^t  metal  case  on  the  charge  produces 
fragments  of  a  size  and  velocity  sufficient  to  interfere  with  air  blast 
measurements,  it  was,  decided  to  use  a  bare  charge.  Because  of  the  symmetry 
of  shock  waves  produced  by  spherical  charges,  a  spherical  shape  was  chosen, 

A  number  of  devices  for  projecting  the  charge  were  sxiggested,  but  all  were 
abandoned  in  favor  of  a  conventional  cannon.  The  caliber,  and  therefore  the 
charge  weight  of  5/8  pound,  was  dictated  by  the  large  .surplus  of  57™i  guns. 
The  rifling  was  bored  out,  resulting  in  a  smoothbore  gun  of  bore  diameter 
2.295  inches.  Charges  were  made  to  fit  this  bore  with  a  small  clearance. 

Having  settled  on  the  smoothbore  gun  and  the  5/8  pound  bare 

spherical  charge,  the  problem  remained  to  project  the  charge  from  the  gun. 
After  a  great  deal  of  experimentation  (5),  Patterson  succeeded  in  projecting 
5/8  pound,  bare  spheres  of  Composition  B  at  a  velocity  of  about  I7OO  to  19OO 
feet  per  second.  For  this,  he  used  a  propellent  charge  of  8  ounces  of  type 
5516  powder  confined  in  an  M25-A2  57™i  brass  cartridge  case,  and  a  sabot 
consisting  of  5  ounces  of  absorbent  cotton  in  three  separate  wads.  The 
.main  problem  was  charge  breakup,  which  occurred  on  about  of  the  shots. 

More  recent  work  by  Armendt  (7)  resulted  in  a  lower  percentage  of  charge 
breakup,  due  to  the  substitution  of  fiberglas-reinforced  Pentollte  for  the 
Composition  B  used  by  Patterson.  The  reinforced  Pentollte  has  been  utilized 
in  all  recent  experimental  work. 

Detonation  of  the  Charge 

After  the  charges  had  been  successfully  projected  from  the  gun, 
attention  was  turne|d  to  the  problem  of  detonating  the  charges  while  in 
flight  and  at  a  desired  position.  A  number  of  schemes  were  tried  and  the 
one  finally  settled  upon  is  as  follows.  The  charge  is  cast  in  a  spherical 
form  with  a  cylindrtlcal  well  extending  into  the  charge  about  2/5  of  the 
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diameter.  (See  Figure  1.)  In  the  bottom  of  the  well  is  placed  a  tiny  bit 
of  Composition  C-3  aud  an  M-l8  tetryl  booster  to  insure  high  order  detonation. 
Next  comes  an  M-56  electric  detonator.  Across  the  leads  of  the  detonator  is 
placed  a  small  coll  made  of  number  28  copper  wire  wound  on  a  short  length  of 
iron  rod.  All  spaces  are  carefully  packed  with  Composition  C-5  to  prevent 
the  setback  forces^  experienced  upon  firing,  from  dislodging  any  pai*t.  The 
charges  fuzed  in  this  manner  are  fired  from  the  gun  through  a  screen  wound 
with  number  40  copper  wire.  The  screan  is  placed  just  in  front  of  a 
stationary  coll  consisting  of  three  turns  of  number  4  copper  wire  approximately 
7“l/2  Inches  in  diameter.  As  the  charge  passes  through  the  screen  and  into 
the  stationary  coil,  the  wire  screen  is  broken,  triggering  an  electronic  circuit 
which  causes  a  large  condenser  to  be  discharged  through  the  stationary  coll. 

The  resulting  "pulsed"  magnetic  field  induces  a  current  in  the  small  coil  inside 
the  charge,  which  flows  throiigh  the  electric  detonator  and  detonates  the  charge. 
If  the  orientation  of  the  small  coil  is  unfavorable,  insufficient  cxirrent  may 
be  induced  and  the  charge  may  not  fire. 

Locating  the  Point  of  Detonation 

Since  the  accuracy  obtained  with  the  smoothbore  gun  is  not  particularly 
good,  and  since  the  magnetic  induction  system  of  detonating  the  charge  is  not 
perfect,  the  point  at  which  detonation  occurs  will  rarely  be  exactly  at  the 
point  desired.  If  the  data  are  to  be  meaningful,  it  is  necessary  that  the 
point  of  detonation  be  located  fairly  accurately.  Therefore,  two  cameras 
equipped  with  1-microsecond  electronic  shutters  were  placed  90  degrees  apart 

4 

and  10  feet  from  the  desired  point  of  detonation.  When  the  charge  detonates, 
a  photocell  device  triggers  the  cameras,  taking  a  picture  of  the  Ivaninous 
shook  wave.  By  triangulation,  the  position  of  the  charge  at  the  instant  of 
detonation  can  be  located  to  within  about  1/4  inch.  A  typical  photograph 
of  the  detonating  charge  is  shown  in  Figure  2. 

ffeasurement  of  Charge  Velocity 

The  velocity  with  which  the  charge  is  projected  is  measured  as  follows. 
After  the  charge  leaves  the  muzzle  of  the  gun  and  before  it  passes  through 
the  stationary  coil  where  it  is  detonated,  it  passes  throi:igh  two  wire  screens 
wo\ind  with  number  40  copper  wire  placed  about  8  feet  apart.  Breakage.^ of  these 
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SECTIONAL  VIEW  OF  FUZED  CHARGE 
LOADED  IN  57  mm  SMOOTHBORE  GUN 
(NOT  TO  SCALE) 


FIGURE  2 
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screens  starts  and  stDps  an  electronic  coiinter  chronograph,  thus  measuring 
the  time  necessary  to  traverse  this  interval.  From  this  measurement,  the 
average  velocity  over  the  interval  can  he  calculated. 

Air  Blast  Measurements 

i 

In  the  earlier  wlork  hy  Patterson  and  Wenig,  and  also  by  Armendt,  the 
peak  pressure  and  positive  impulse  of  the  shock  wave  produced  by  the 
detonation  of  the  moving  charge  were  measured  by  five  pancake-type  side-on 
pressure  gages  placedi  at  different  points  aroimd  the  detonating  charge. 

It  became  evident,  hoVever,  that  more  instrumentation  would  be  required  if 
useful  data  were  to  bS  obtained.  Therefore,  in  recent  experiments,  a  total 
of  twelve  side-on  prepsinre  gages,  each  spanned  by  a  pair  of  face-on  "velocity" 
gages,  have  been  used.  (See  Figure  3.)  The  side-on  gages  were  placed  at  a 
distance  of  2,71  feet:  from  the  desired  point  of  detonation,  and  at  angles  of 
15°,  45°,  75°>  105*^^  135°?  165°  from  the  direction  of  motion  of  the  charge. 

The  electrical  output  of  each  of  these  aide-on  gages  was  amplified  and  dis¬ 
played  on  an  oscilloscope.  The  face  of  the  oscilloscope  was  photographed  by 
a  streak  camera  in  whjich  the  35™i  film  was  moving  approximately  1.25  inches 
per  millisecond.  Suljtable  timing  marks  were  also  recorded  on  the  film, 
providing  a  time  calibration. 

When  the  charge  detonates,  the  initial  burst  of  light  from  the  luminous 
shock  wave  is  seen  by;  a  photocell  device  which  triggers  the  cameras,  as  was 
previously  mentioned,!  This  same  photocell  device  also  starts , twelve  electronic 
counter  chronographs.  When  the  shock  wave  from  the  detonating  charge  reaches 
the  first  velocity  ga^e  at  one  of  the  twelve  measuring  positions,  the  chrono¬ 
graph  corresponding  tb  that  position  is  stopped,  giving  a  measure  of  the  time 
of  arrival,  and  a  second  counter  chronograph  is  started.  The  shock  wave 
sweeps  past  the  firsti  velocity  gage,  over  the  side-on  pressure  gage  and  finally 
reaches  the  rear  velobity  gage  which  stops  the  second  counter  chronograph. 

This  second  chronograjph  has  now  measured  the  time  necessary  for  the  shock  to 
traverse  the  interval;  between  the  velocity  gages,  from  which  the  average 
shock  velocity  over  the  interval  can  be  calculated.  Knowing  the  average 
shock  velocity,  the  p^ak  pressure  at  the  center  of  the  interval  can  be 
calculated  by  the  Ranjkine-Hugoniot  relation; 
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FIGURE  3 


where j 


p  ss:  peak  e^c^ss  pyee0'ure 
s 

P  =  ata^Biflieric  pressure 
o 

7  =!  ratio  of  specific  heats  for  air 
V  =  shoc^  ■velocity 

I 

C  «  so«E|d  yeloolty 

Bras  the  2k  cotaater  chroaogra|4is,.'  2k  valafSity  gages  >  and  the  phot.oeell  de-vice 
jaake  up  a  systsa.  which  can  oneaeure  the  shock  aitfl-val  tlmei  shock  velocity,^ 
and  peak  excess  preashre  at-  twelve  ideations  around, the  detonating  charge,  . 


DAIA 

giiBaaries  of  the  ^experii^ntal  data  reported  in  references  5  a«ad  6  are 
repeated  in  Table  I  ^d'U  .under  apprepriate  labels,  .Jtore  recent  data  have 
been  -obtained  with  the  e;H®erlMental  set-'t;®  described  above,  For  the  pia^oses 
of  discussion,  these. data  are  separated  Into  two  parts,,  the  Time  of  krrisnsl' 
Data  and  the  Peak'  Pre^stife  Data,; 

Time  of  Arrival  Data 

The  tlase  of  arrival  feta  which  -were  Obtained  are  shown  in  2^ble  III, 

It  -was  hoped  that  these  data  -would  tell  whether  the  siKick  wave  from  a  charge 
detonated  while  moving  was  distorted  In  aiQr  way,  or  remained  spherical.  The 
analysis  of  the  data  proceeded  as  follows s  it  was  noticed  that,  for  a  given 
gage  position,  althou^  the  deviations  in  distance  from,  the  charge  res-ulted 
in  .considerable  -varlalilcjn  in  the  of  arrl-val,  the  de-viations  in 

angle  did  not.  Therefore,  the  angular  deviations  wepe  neglected,  and  the 

15°>  etc,)  were  used,  Bits  apprasiaatton  is  ebn- 
apd.  .greatly  shopllfles  the  analysis. 


nominal  angles  Ci,e,., 
sldered  satisfactory. 


Over  the  small  tijiter-vals  of  distance  in-volved,  it  -was  assumed  that 
the  shock  velocity  wa^  oons-feant,  and  therefore,  linear  least  square  fits 
were  made  to  the  time  of  arrival  data,  ■  The  aquations  forftfese  least  square 
lines  are  also  shown,  in.  .Table  ITT.  In  order  to  determine  the  shape  -of  the 
shock  -wave,  these-  were  sol-ved  for  R  (  distance  from  the  charge) 


using  values  of  t  (time  of  arrival)  equal  to  400^  550,  smd  7OO  microseconds. 
The  results  are  plotted  in  Figure  4. 

It  appeared  that  the  points  fell  on  a  circle  whose  center  was  shifted 
in  the  direction  of  motion  of  the  charge.  Becat^e  of  the  significance  of 
this  restilt,  it  was  caref\illy  checked  by  both  analytical  and  graphical 
methods,  but  the  answer  was  the  same.  Therefore,  it  can  be  said, that,  with¬ 
in  the  experimental  error,  the  shock  wave  produced  by  the  detonation  of  a 
moving,  spherical  charge  remains  spherical,  but  that  the  center  of  the  sphere 
moves  in  the  direction  of  motion  of  the  charge  prior  to  detonation. 

Peak  Pressure  Data 

The  peak  pressure  data  obtained  frcxa  seven  rounds  are  shown  in  Table 
IV,  under  "Experimental  Data  for  Moving  Charges."  The  mean  velocity  of  the 
seven  roimds  was  17 60  feet /second. 

The  positive  liig>ulse  data  obtained  in  the  recent  firings  have  not  yet 
been  reduced,  and  therefore,  no  additional  data  on  positive  impulse  will  he 
presented  at  this  time. 


THiORy 

Thornhill  and  Hetherlngton  (j)  predicted  that,  close  to  the  surface 
of  a  moving  charge,  the  shock  velocity,  and  thus  Inference  of  the  peak 
pressure,  could  be  approximated  by  vectorial  addition  of  the  shock  velocity 
for  the  stationary  charge  and  the  terminal  velocity  of  the  moving  charge. 

Time  of .arrival  measurements,  discussed  above,  Indicate  that  the  same  rule  is 
applicable  to  the  expanded  shock  wave,  if  the  velocity  of  the  center  is  sub¬ 
stituted  for  the  terminal  velocity  of  the  charge. 

Since  the  radial  velocity  of  shock  waves  from  stationary  charges  Ims 
been  measured,  it  is  seen  that  the  position  and  velocity  of  the  shock  frnht 
cotJld  be  described  if  the  velocity  of  the  center  of  the  shock  were  known 
as  a  function  of  time. 

The  velocity  of  the  center  of  the  shock  wave  at  any  time  can  be 
predicted  by  application  of  the  principle  of  conservation  of  linear  man^ntum. 
Thus  the  iiximentum  of  the  explosive  prior  to  detonation  is  set  equal  to  the 
mcanentum  of  the  explosion  gases  and  air  contained  by  the  spherical  shock,  it 
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being  assTjmed  that  the  average  velocity  of  all  the  contained  gases  and  air 
is  that  of  the  center  of  the  sphere. 

Let 

M  =  weight  of  explosive  (lbs) 

0 

M  =  wei^t  of  air  contained  by  the  spherical  shock  (lbs) 

=  terminal  velocity  of  the  e;q>losive  (ft/sec) 

=  velocity  of  center  of  shock  wave  (ft/sec) 
d  =  radius  of  spherical  shock  wave  (feet) 
r  =  radixie  of  spherical  shock  wave  (charge  radii) 
a  =  charge  radius  (feet) 
p  =  density  of  air  (ibs/ft^) 

=  density  of  expilosive  (ibs/ft*^) 

Neglecting  the  mass  of  air  displaced  by  the  explosive  charge,  application  of 
the  law  of  conservation  of  linear  momentum  gives: 

M  V  =  (M  +  M  )  V  =  (M  +  4  n  p  d^)  V  (l) 

eo'e  a'c'e3  a‘^c  ^ 


or 


Since 


^c  == 


M  V 
e  o 

4  3 

M  +  ^  rt  p^  d^ 
e  3  6l 


4  3 

=  -  n  P  a^ 
e  3  e 


(1  a) 


(2) 


Equation  (la)  reduces  to: 


V 

o 


(5) 


Therefore,  at  a  time  when  the  radius  of  the  shock  wave  is  equal  to  r,  the 
velocity  of  the  center  of  the  shock  wave  is  given  by  equation  (3)*  The  dis¬ 
tance  that  the  center  has  traveled  (in  the  direction  of  original  charge 
motion)  from  the  point  of  detonation  at  any  time  t  is: 


r 

c 


t 

r 

V  dt, 

c 


(4) 
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Referred  to  a  Btej.tionary  frame  the  shock  velocity  on  the  surface  of 
the  spherical  shock  w^ye  produced  hy  the  moving  charge  hecomes  (see  Figure  5): 


if  =  t 
m  B  c 


Where : 

it  =  shock  velocity  at  distance  r  and  angle  from  line  of  flight  0 
for  moviiig  charge. 

U  =  shock  velocity  at  distance  r  for  stationary  charge. 

@  i 

0  =  angle  frOm  line  of  flight  (referred  to  center  of  shock  wave). 

Once  the  shock  velocity  is  known^  the  peak  pressure  can  he  found. 

Ordinarily,  the  distance  r  and  angle  0  from  the  center  of  the  shock 
wave  are  not  known,  measurements  being  made  from  the  point  of  detonation. 
(See  Figure  6.)  Therefore,  the  quantities  known  are  R  and  0,  and,  by 
integration,  r  .  The  distance  and  angle  from  the  shock  center  can  be  found 
by: 

R  =  cos  6  +  (r^  sln^  0)^^^  (5) 

sin  0  ^  sin  0 


Thus  far,  no  simj^le  scheme  has  been  found  for  scaling  the  various 
parameters  associated  with  the  velocity  effect,  such  as  altitude,  charge 
weight,  charge  velocity,  etc.  Therefore,  rather  lengthy  computation  is 
necessary  to  obtain  theoretical  values  of  the  peak  pressure  at  various 
points  around  a  given  point  of  detonation,  since  each  case  must  be  considered 
individually.  These  calculations  have  been  made  for  the  conditions  obtaining 
for  all  of  the  experlnkental  peak  pressure  data  shown  in  Table  IV.  The  results 
are  shown  in  Table  IV  under  "Calculated  Data  for  Moving  Charges." 

For  the  purpose  Of  comparing  the  theory  with  the  experiments,  the 
ratios  of  the  theoretical  peak  pressures  to  the  experimental  peak  pressures 

I 

have  been  taken,  and  hre  also  shown  in  Table  IV.  The  mean  value  of  the  ratios 
is  .991  with  a  standard  deviation  of  the  individixal  of  11.5^,  Examination 
of  these  ratios  has  dlscljosed  no  systematic  error,  and  it  is  concluded  that 
the  theory  adequately  1 approximates  the  experimental  results. 
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The  positive  Impulse  in  the  shock  wave  from  a  moving  charge  is  known 
to  he  enhanced  tn  the|  direction  of  charge  motion  (see  Tables  I  -and  II ),  hut 
no  simple  scheme  for  prediction  of  the  enhandeii^nt  has  been  suggested*  It 
is  hoped  that  recently  obtained  data,  now  In  the  process  of  being  reduced, 
will  throw  Boane  light  on  the  subject. 

I 

'  COMMiUTS 

The  conclusion  that  the  theory  advanced  appears  to  predict  the 
effect  of  charge  motibn  dn  the  peak  pressure  In  the.  shock  wave  produced 
when  a  moving  sphericjal  charge  is  detonated.  Furthermore,  if  this  theory 
is , correct ,  it  is  seen  that  the  velocity  effect  would  be  of  neater 
significance  for  relatively  email  charges.  With  nuclear  warheads,  for 
example,  the  velocity  effect  would  be  of  little  consequencp,  sinne  at 
the  peak  pressure  levels  where  the  velocity  effect  might  cause  some 
enhancement  of  damage,'  the  mass  ^of  air  contained  by  the  shock  wave  would 
far  outweigh  the  original  warhead.  Only  if  the  weapon  were  detonated 
■outside  the  ati«>Bphere  and/or  if  the  warhead  were  moving  at  very  high 
velocities  would  the  Velocity  effect  be  even  measurable, 

A  great  deal  of  ’Vork  remins  to  be  done  before  the  velocity  effect 
can  be  ccapletely  understood.  As  previously  mentioned,  the  behavior  of 
the  positive  lEgmlse  retulres  explanation.  Before  the  peak  pressure  theory 
described  above  can  be  considered  as  established,  further  experiments 
utilizing  hl^er  charge  velocities  and  greater  charge  weights  are  necessary. 
High  altitude  experia^nts  are  especially  depirable,  since  it  is  expected 
that  the  velocity  effect  wdll  be  of  much  greater  significance  for  low 
atmospheric  pressures*  In  addition,'  the  effect  of  a  setal  casing  on  the 
velocity  effect  must  be  investigated,  since  warheads  are  ■ordinarily  cased. 

Q ,  F, 

B.  F.  AlMlHro 
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TABLE  I 


SUMMARY  OF  EXPERIMENTAL  DATA  FROM  BRLM  76? 

2.56  feet  from  a  5/8  pound  "bare,  spherical  Composition  B  charge 


Charge  Velocity 

0  ft/sec 

1982  ft /sec 

Angle  from  Line  of  Flight 

15°  45° 

105° 

Peak  Pressure  (psi) 

73 

109  87 

55 

Positive  Impulse  (psl-ms) 

7.8 

14.4  13.0 

7.0 

TABLE  II 

SUMMARY  OF  EXPERIMENTAL  DATA  FROM  BRLM  900 

2.71  feet  from  a  5/8  pound  bare,  spherical  Composition  B  charge 

Charge  Velocity 

0  ft/sec 

1755  ft/sec 

Angle  from  Line  of  Flight 

15°  45° 

105° 

Peak  Pressure  (psi) 

67.3 

91.0  82.0 

52.5 

Positive  Impulse  (psi-ms) 

8.1 

10.2  9.8 

7.9 
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TABm  III 

TIME  OF  AERIVAL  MIA 


Type  of  charge  -  3/8  l«3und  hare,  spherical  charges  of  flherglas-reinforeed 
Pentollte 

Mean  velocity  of  charges  -  17&)  feet/second 

0 

ffoTiif  nai  an^e  frpffi  line  of  fi  ight  =-  15 


Round 

Ho. 

Distance 
fr<2n  Charge 

(feat) 

Arrival 

Time 

(hs) 

Distance 
from  Charge 
(feet) 

Arrival 

Time 

(hs) 

55^ 

2.66 

468,8 

3,16 

628,8 

2,71 

400,6 

3.21 

663.1 

578 

2.69 

443,1 

3.19 

635*6 

2.69 

452.5 

-  5.19 

624.4 

582 

2.56 

419,4 

5.06 

585.7 

587 

2.45 

382,5 

2.95 

565.8 

588 

2.73 

^  468.1 

* 

390 

2.03 

^3.1 

3.03 

556.9 

2.58 

428.1 

3,08 

606.2 

least  square  fit: 

t  =  517<,1  +  588.2  (B  -  2.846)  t  =  tine  of  arrival  (ns) 

R  ■=  distance  from -charge  (feet) 


Hamlnal  angle  from  line  of  fli^t  =  -45° 


Distance 

Arrival 

ULstaace 

Arrival 

Rotmd 

from  -Charge 

Time 

from  Charge 

Time 

Ho. 

(feet) 

(feet) 

534 

2.69 

478.1 

3.19 

686.2 

549 

2.80 

470.0 

3.30 

701,3 

578 

2.62 

477.5 

5.12 

676.3 

582 

2.50 

402.3 

3.00 

584.4 

587 

2.49 

415.0 

2,99 

598.1 

2.43 

388.1 

2.93 

566.9 

590 

2.59 

438.8 

3.09 

621.3 

Least  square  fit: 

t^  =  556.0  +  578.ir(B  -  2.837) 
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TABLE  III  (continued) 

Nominal  angle  from  line  of  flight  =  75° 


Distance 

Arrival 

Distance 

Arrival 

Round 

from  Charge 

Time 

from  Charge 

Time 

No. 

(feet) 

(qs) 

(feet) 

(qs) 

554 

2.62 

555.1 

5.12 

748.7 

549 

2.57 

4o6.9 

2.87 

575.8 

2.59 

550.6 

3.09 

731.2 

578 

2.52 

465.0 

5.02 

643.1 

2.54 

44g  .  0 

3.04 

661.3 

582 

2.45 

455.1 

2.95 

621.9 

2.52 

466 , 5 

5.02 

668.2 

587 

2.50 

457.5 

5.00 

655.0 

2.42 

421.3 

2.92 

623.2 

588 

2,69 

516.9 

3.19 

707.5 

2.57 

419.4 

2.87 

591-3 

590 

2.40 

590.6 

2.90 

581.9 

2.57 

478.8 

3.07 

676.9 

Least  square 

fit: 

=  555.5  +  598.5  (R  - 

Of 

2.755) 

Nominal  angle  from  line 

of  flight  =  105° 

Distance 

Arrival 

Distance 

Arrival 

Round 

from  Charge 

1  Time 

from  Charge 

Time 

No. 

(feet ) 

(iis) 

( feet ) 

(qs) 

549 

2.59. 

550.0 

3.09 

747.5 

578 

2.40 

447.5 

2.90 

653.8 

2.42 

475.6 

- 

- 

582 

2.47 

500. 0 

- 

- 

587 

2.50 

501.5 

3.00 

714.4 

2.42 

471.9 

2.92 

696.3 

588 

2,58 

497.5 

3.08 

708.1 

2.24 

417.5 

2.74 

611.5 

590 

2.55 

447.5 

- 

- 

2.52 

510.6 

5.02 

726.2 

Least  square 

fit: 

t  =  568,1  +  405.6  (R  - 

«i 

2.662) 
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TABLE  III  (continued) 

Nominal  angle  from  line  of  flight  =  155 


Distance 

Arrival 

Distance 

Arrival 

Round 

from  Charge 

Time 

from  Charge 

Time 

No. 

(fe^t) 

(ns) 

(feet) 

549 

2.15 

587.5 

578 

2.51 

466.9 

- 

- 

582 

2.57 

467.5 

2.87 

693.8 

2.42 

511.2 

.. 

- 

587 

2.45 

505,0 

- 

- 

588 

2.45 

475.0 

- 

- 

2.18 

415.0 

- 

590 

2.46 

507.5 

- 

- 

Least 

square  fit; 

t 

^  .=  492.2  +  599,^  (R  - 

■  _ I.-- 

2.399) 

Nominal  angle  from  line 

of  flight  =  165° 

Distance 

Arrival 

Distance 

Arrival 

Round 

from  Charge 

Time 

from  Charge 

Time 

No. 

(feet) 

(m^s) 

( feet ) 

(ns) 

534 

2.27 

440.0 

2.77 

653.8 

549 

2,25 

452,5 

2.75 

643.1 

578 

2.25 

467.5 

2.73 

673.8 

2.24 

476.5 

- 

582 

2.37 

535.0 

2.87 

736.9 

2.59 

530.0 

- 

- 

587 

2.48 

560.0 

2.98 

791.3 

2.45 

538.1 

- 

588 

2.29 

474.4 

2.79 

676.5 

2.19 

439.4 

- 

- 

590 

2.55 

493.8 

2.85 

■734.4 

2,4o 

527.5 

- 

- 

Least  sqijare  fit; 

t  =  571.8  +  451.7  (B  -  2.506) 

Of 
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TABLE  lY 


ZiggRIMErffiftL  DAIA  FOR  J’CTnK-!j  CEARGES 


Type  or  enlarge  -  3/6  pound  bare  spdere  or  rioergXa&s-reinrarced  Pentolite 
Mean  TeJ.oclty  of  cLarge  -  I76O  feet/ second 


Sd. 

A1bo  spheric 

Atano  spheric 

Angle  froBi 

IJlEtence 

SbocJf 

Peak 

Di  stance 

IvO. 

Teapereture 

Jh^ssure 

Line  of  Fll^t 

fron  CSiarge 

Velocity 

Pressure 

fr®  CSiarge 

r 

?r) 

(In  Hg) 

(de^ees) 

(feet) 

(ft/sec) 

(ib/ln^) 

(charge  radii) 

(charge  radii 

53^ 

32 

29- £0 

12-0 

2.91 

3125 

US. 3 

30-b58b 

27.6R35 

69-8 

2.69 

2389 

62,0 

26.1034 

27-3087 

161.5 

2-52 

2369 

36.7 

26.576b 

28.9354 

71.1 

2- £7 

2515 

57.5 

5O-O502 

29.2e8-5 

it-5-2 

2,91* 

21t03 

62.9 

30.793* 

26.6957 

15-T 

2.96 

27*0 

87.0 

30.950* 

26.3943 

tu 

29-83 

10.0 

2-95 

261* 

73-9 

30.6*57 

26.262c 

36-1 

2,60 

28*7 

90.9 

29.2757 

27.3050 

67-9 

2-62 

2996 

102. b 

27  .*335 

26.5859 

159-1 

2-  50 

2623 

7b, 6 

26.1*61 

25.6076 

98.^^ 

2.&i 

2299 

53.3 

29-7153 

50.2248 

7D-7 

2.98 

2*93 

65-7 

51.1*93 

30.5657 

1*5-7 

3.07 

2162 

45.1 

31.  £619 

30.0065 

775 

TO 

30.12 

13.6 

2.91* 

2597 

7b. 1 

30.7306 

2E-.167J. 

1*1-5 

2.87 

2515 

6&,b 

30.0B16 

28.1565 

70-2 

2-77 

2807 

89-5 

28.9931 

28 . 2078 

100-1 

2.65 

2*2* 

62.3 

27.7161 

28.5022 

131-1* 

2.5b 

25*7 

70,6 

26.5857 

2£.blOT 

165.8 

2.1*0 

2*2* 

62,5 

25-9577 

2&.52C7 

70. 1* 

2.79 

2259 

51-9 

29.223* 

28.4420 

1*1.9 

2,89 

2128 

44-1 

30. 2366 

28.5196 

ll*-0 

2,91* 

2909 

97-5 

30.753* 

28 . 2326 

5E2 

75-5 

y)-ii 

15.B 

2.79 

30*1 

106.7 

25- 1606 

26.7151 

1*3-2 

2.75 

27*9 

6b. 0 

28.-628 

26.9685 

73.0 

2.70 

26*8 

76.7 

28,2*99 

2^.k^ 

105-1* 

2,65 

2*03 

60.1 

27-7665 

26.4B17 

13l*-2 

2,62 

2215 

1*3.2 

27.b44o 

29-3590 

l£5.3 

2.62 

2253 

50.8 

27. 5812 

29.9545 

73- 1* 

2.77 

2*77 

0b. 9 

26.0826 

2£.3>26. 

M*-5 

2.60 

2*69 

64.4 

29,2662 

27.5110 

15-3 

2.61 

3007 

103.9 

29.359b 

26.922c 

5&7 

7S 

30.C^ 

15-9 

2.72 

2817 

SB. 3 

28.4593 

26.0573 

1*5-7 

2,7b 

2731 

82.0 

26.6666 

26.9576 

75-3 

2-75 

2552 

6B.0 

26.6047 

26.2554 

10l*,6 

2.73 

23*6 

56.0 

26.6256 

29,62bl 

10*- 1 

2.73 

2162 

44.9 

26.5221 

51.136! 

105.3 

2.67 

48.8 

27.9359 

26.7473 

7l*-6 

2,67 

2*77 

6b.4 

27.9150 

27.3517 

1*4-1* 

2.68 

2796 

66.8 

26.0092 

26.2553 

lb-1 

2-70 

2758 

83.9 

28-2185 

25.7852 

CAIJJIATZD  da::.': 

.  TOR  MOVn.'G 

CE.-J*GES 

cc:  ~J3Ssc:: 

Center 

Radial  Shoci 

Tbeoretical 

--tlo  cf  ri-esrure 

•■eloclty  (V^) 

Ve 1 oc 1  ty 

Peak  Pressure 

LXp.  peak  pressure 

(charse  radii) 

(degrees) 

(?lach  I.o.) 

(;-:ach  ;;c-) 

(psi)  : 

2.6*36 

13.09 

.0917 

2, 2389 

7". 25  ! 

-656 

Z.CZOi 

74.50 

.0971 

2.2931 

74.46  1 

1-2G0 

£.6653 

165.18 

.  c£2£ 

2-1452 

;  5.66  1 

-948 

2.6000 

76.12 

•  0797 

2 . 1220 

61.02 

i.0c2 

2.^*0 

46.85 

.0829 

2 .152c 

66.05 

1.049 

2,66*7 

17-16 

.0870 

2.1918 

71. 07 

.ciT 

2. toil 

10-91 

.08.78 

2.2007 

:7.16  I 

.775 

2-5637 

bl-b5 

.0970 

2-2957 

2.3667 

t8 . 3.9  ! 

.££2 

2.55** 

72.95 

.1046 

80-87 

.790 

2.6iE6 

160.97 

.0851 

2.1752 

~7-  71 

-TT4 

2.67B7 

103. 5: 

.0728 

2.0541 

b'.TO 

1-008 

2.6£37 

75.42 

0-719 

2.0443 

55-45 

.845 

2.6710 

47-26 

.0745 

2.0692 

59.51 

1-518 

2.6**i 

14.84 

-0.:95 

2. 2117 

73-64 

•  954 

2.6*37 

45.08 

.C89C 

2.2127 

7T..92 

1.031 

2. 6*  56 

75-27 

.0891 

2.2078 

1^.4C 

.7c4 

2.6*97 

ic5.be 

-CE-'T 

2  - C9SO 

56.92 

.515 

2.6539 

135-42 

.Cc73 

2.1905 

60.75 

.  860 

2.6561 

165-55 

-Q'ob 

S.lEPC 

58.52 

•  939 

2.6551 

75-43 

.0871 

2.18&1 

66. 81 

1.28c 

2.6503 

45.43 

.orfi 

2.1977 

70.64 

1.603 

2.6*6c 

15.32 

.  0  ^  £ 

2.205b 

75.00 

•  T  vl 

2-5261 

15.  iO 

.-0-'2 

2.3553 

c6.22 

-80£ 

2,53® 

4£-.£c 

-0996 

2.327b 

Cl. bo 

-970 

2.5653 

7£.i0 

-0932 

2.2646 

72.50 

.94= 

2.5963 

xO£.49 

-0854 

2, 1850 

62,90 

1.04" 

2. 630.0 

137.89 

-0785 

2.IIEO 

■'='.78 

L.15C 

2.6532 

166.35 

.0740 

2,CT30 

I.Glc 

2-5935 

TE.bb 

.08  6b 

2.1951 

-'£.97 

I.D52 

2.  5593 

47.97 

.0941  . 

2.2759 

76.74 

1.191 

2.  55*6 

16.67 

.1000 

2.5521 

c-4.19 

.811 

2.5260 

17.44 

.1125 

2.4276 

93.12 

1.05b 

2.566* 

bQ.62 

.1022 

2.33c: 

81,42 

‘99b 

2.62*2 

£0.46 

.0892 

2-2035 

w-30 

.989 

2.6769 

109.85 

.0781 

2.0961 

‘^6.36 

1.006 

2.7316 

165.50 

-0679 

1.9899 

46.40 

1.055 

2.6*33 

110-40 

.0852 

2.1642 

61.07 

1.251 

2.5865 

£0.07 

.0579 

2.2891 

7b.  10 

1.152 

2-5352 

48,25 

.1096- 

2.b004 

£7-65 

1.012 

2.5162 

15-46 

.113b 

2.4572 

96-06 

1.145 

TAELZ  17  (CtBit.) 


jamH^THBriAL  ma.  tce  wonro  sesr^ 


Rd. 

AtxiDsiSierlc 

Atarigpligrl  p 

Angle  frcm 

Dlstsice 

Shock 

?eak 

Distance 

Jio, 

Teuperatnre 

Tussore 

Line  of  FUght 

fiuiL  Qisrge 

Velocity 

Pressure 

froa  Charge 

r 

(°?) 

(lE  Hg) 

(degrees) 

(feet) 

(n/secj 

(Ih/li^) 

(charge  radii) 

(charge  radii) 

563 

.  6J.5 

30-05 

71.5 

2.9^ 

2623 

75.3 

30.7725 

30.0217 

99.6 

2.63 

237®^ 

57.0 

29.5897 

30.1593 

160.0 

2.54 

21t77 

63.5 

26.5657 

29.1145 

100.6 

2.i»9 

2560 

70.11 

26.0936 

26.6962 

- 

2.62 

.  2^ 

.  *-j.  - 

27.4460 

26.6257 

590 

82 

30. CA 

12.6 

2.76 

2877 

92-1 

29.0976 

26.5954 

72.6 

2.65 

261** 

73-0 

27.7665 

27-1042 

166-3 

2.60 

2076 

39-8 

27.1928 

29.6270 

1Q2.T 

2.77 

2319 

53.  E 

29.0036 

29.7125 

73-6 

2.S2 

25^ 

66.9 

29-5164 

26.6774 

U.9 

2.64 

2^ 

81.9 

29.6944 

27-6936 

16.2 

2.63 

2807 

86.5 

29-5658 

27.0672 

p  s  TTidiiift  of  spherical  B>*ngii  ware, 
p  s  distance  'thal  cenber  of  aitni-ir  vsve  iipg 
^  -trareled  fmn  pdbt  of  detcmatlon. 

aztgle  fltm  Hrie  of  flight  vLth  reference 
to  the  center  of  the  ehock  wave  Instead 
of  the  point  of  detcmstlaiLp 


CALCDIAIED  LflIA  MR  MOVAhU  GEfJCES  CO^g'AP.ISCW 


Oerter 

Radial  9iock 

Tbectretlcal 

Calc,  pe^  preseure 
grp-  peak  pressure 

(charge  radii) 

0 

(degrees) 

Velocity  (V  ) 
(Mach 

Velocity 
(tech  Ho.) 

Peak  Pressure 
(psl) 

2.7106 

76,40 

.0757 

2.0663 

57.52 

.764 

2.7156 

104.66 

.0747 

2.0567 

54.27 

.953 

2.6765 

161.76 

.0625 

2.1355 

55.46 

.674 

2.5761 

106.26 

.1053 

2.3550 

75.66 

1.075 

2.5735 

74. 2Q 

-  .  >1.06.7 

2>36Ui 

60.46-- 

2-5725 

14.00 

.1063 

2.>:55 

97.42 

76-36 

.550 

2-5950 

77.32 

.1007 

2.3:» 

1-047 

2-7044 

lt7.53 

.0770 

2.0619 

51-92 

1-505 

2.7005 

107.75 

■  0776 

2.C9CO 

56.11 

1.045 

2.6681 

76.65 

.0645 

2.1541 

65.70 

.952 

2.6265 

43.7c 

.C531 

2.2376 

73-50 

,c9e 

2.5943 

17.73 

.1009 

2.3153 

S2-61 

-951 

Heaa  -991 

Standard 

devl&tlan  .114  =  11. 5$ 

0 
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ADDENDUM 

In  the  section  ob  "Time  of  Arrival  Data,"  page  14,  the  statement  was 
.made  that  the  shock  wbve  produced  by  the  detonation  of  a  moving  spherical 
charge  remains  spherical,  but  the  center  of  the  sphere  movfea  in  the  direction 
of  motion  of  the  change  prior  to  detonation.  This  statement  was  supported  by 
experimental  data  obt|alned  with  twenty-four  time-of -arrival  gages.  Assuming 

I  . 

that  the  statement  isj  correct,  a  simple  mathematical  analysis  was  made  (see 
the  section  on  "Theory"  page  I5 . )  Such  a  simple  construction  would  not  be 
possible  if  the  shock  wave  produced  by  the  moving  charge  were  distorted 
(i.e,,  not  spherical). 

Since  the  original  pappr  was  presented  at  the  Seventh  AXP  Tripartite 

Conference,  additional  infonnation  has  been  obtained  by  D.  J.  Hinz,  of  the 

1 

Ballistic  Research  La|boratories,  using  a  photographic  method.  A  spherical 
charge  of  fiberglas-ijeinforced  Pentolite  was  projected  at  approximately  I800 
feet  pef  second  and  detonated  in  flight  as  described  \mder  "Experimental 
Procedure,"  page  8  ,  The  detonating  charge  was  backlighted  by  means  of  an 
exploding  wire  placed  at  the  focus  of  a  10- foot  parabolic  reflector.  A 
camera  facing  in  a  diirection  normal  to  the  line  of  flight  and  having  a 
one-<microsecond  electronic  shutter  was  synchronized  with  the  exploding  wire, 
and  photographed  the  iexpandlng  shock  wave.  A  sample  photograph  is  shown  in 
Figure  7,  in  which  the  shock  wave  has  reached  a  diameter  of  approximately 
58  inches.  Close  examination  of  the  shock  contour  indicates  that  the  shape 
is  either  spherical,  or  very  close  to  it,  This  information  substantiates 
the  statement  made  in  the  original  paper  that  the  shock  wave  remains  spherical. 

The  use  of  the  above  data,  prior  to  publication  by  Mr.  Hinz,  is  gratefully 
acknowledged. 
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REPLY  TO 

THE  ATTENTtONOF 


DEPARTMENT  OF  THE  ARMY 

UNITED  STATES  ARMY  RESEARCH  LABORATORY 
ABERDEEN  PROVING  GROUND,  MARYLAND  21005-5066 


AMSRL-CS-IO-SC  (380) 


28  July  2000 


MEMORANDUM  FOR  Defense  Technical  Information  Center,  ATTN: 

DTIC-BCS,  8725  John  J.  Kingman  Road  Suite  0944, 
Ft.  Belvoir,  VA  22060-6218 

SUBJECT:  Distribution  Statement  for  BRL  Memorandum  Report  No. 

1019 


1.  Reference:  Ballistic  Research  Laboratories  Memorandum  Report 
No.  1019,  "Air  Blast  Measurements  around  Moving  Explosive  Charges, 
Part  III",  by  B.  F.  Armendt  and  J.  Sperazza,  July  1956. 

2 .  The  correct  distribution  statement  for  the  referenced  report 
is : 


Approved  for  public  release;  distribution  is  unlimited. 


3 .  Request  that  you  mark  your  copy  of  the  report  with  this 
distribution  statement.  Our  action  officer  is  Mr.  Douglas  J. 
Kingsley,  telephone  410-278-6960. 
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